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ABSTRACT 

The studies relating to the electrical characteristics o> 
insulating films have received considerable attention in recent 
past from both fundamental and application view points. This ha£ 
happened primarily because thin insulating films show useful 
properties and have found immense application in switching, memory 
and emission devices. Of particular interest is thin aluminium 
oxide films. An attempt has been made in the present study to 
investigate its electrical characteristics. Metal -insulator 

metal structures have been prepared by deposition of aluminium| 

-5 . 

films in a vacuum of 10 torr and oxidising them upto certain 

depth in air or oxygen for 24 hours at 50, 100 and 150*C and then | 

depositing cross aluminium films over them. The thickness of the 

dielectric (Al 203 )has been determined by capacitance measurement: 

taking due account of the interfacial contribution. The current 

voltage data have been analyzed using I - V ,logI - logV, Inl 

V^, ln(I/V^) - 1/V, and InCI/V) - plots to show ohmic 

behaviour, Schottky emission and thermal field emission 

mechanisms operating simultaneously. It is further observed 

that the barrier height in the Schottky emission regime takes 

reduced value in comparison to the theoretical estimated value 
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And incr 


with incr«A8« in dielectric thickneaa. 


Thia 


reduction haa been attributed to the lowering of potential barrier 
due to the inage forcea. 'Foraiing’ proceaa, involving a perceptible 
change in the dielectric propertiea, followed by appearance of the 
voltage controlled negative reaiatance (VCNR) have been obaerved in 
thernally grown AI2O3 filaa for the firat tine. 'Forating' potential 
ia found to be around 10 volta for all the dielectric thickneaaes. 
The energence of conducting channela in thermally grown AI2O3 and 
their rupture are ahown to be reaponaible for the 'Forming' and 
VCNR, reapectively . Dielectric breakdown occura in theae films 
beyond the VCNR regime. However, no forming process is observed in 
thin AI2O3 layers (< 5 nm). These devicea show a continuous rise in 
current with applied voltage leading to its breakdown eventually. 
The emergence of discontinuities in conducting filamentary 
channela, possible loss of electrode - oxide contact and/or total 
destruction of oxide layer appear(a) to be responsible for the 
dielectric breakdown of A 1 - AI2O3 ~ A 1 junctions. Though A 1 - 
AI2O3 - A 1 Junctions are symmetric in construction, their current - 
voltage characteristics are asymmetric in nature. This asymmetry is 
explained on the basis of a graded type barrier at the interface! 
between the bottom electrode and oxide and an abrupt type at the 
interface between the oxide and the top electrode. 


CHAPTER 1 


IWTSODUCTIOM 

Rapid profirese in electronic nicrosiniaturiaation during the 
last two decades owes its success to a great extent to the 
development of thin film devices which have advantages of space, 
weight, power saving, in addition to reliability, rugged 
construction, flexibility of design, low maintenance and low coat. 
Host of these devices work basically on the passage of current 
through thin layers- of poorly conducting material® and/or 
seaiconductora . As & consequence, imaenee interest has aroused in 
the studies of electrical conduction in thin films of various 
materials. Of particular interest are thin insulating films like 
SiO [ 13 , Si02 [ 23 , AI2O3 [ 3 - 73 , Ti02 [8-93,Ta205 [IO3 etc. The 
present thesis also deals with the electrical characteristics 
of thin alumina (AI2O3) films. 

Above absolute sero, conduction in insulators can take place 
due to thermal excitation of electrons and may be influenced by 
structural defects and impurities present. There are several 
conduction mechanisms (shown schematically in Fig. Id) reported to 
be operating in thin insulating films [11-123 • An electron donated 
by the impurity species in the insulator will have its wave 
function localised about the Impurity. Since there is a small but 
finite overlap of wavefunctions of donor electrons, there can be 
hopping from one trapping/impurity centre to another without going 
up into the conduction band. This is termed as impurity conduction 
[I3-143. There will therefore be appreciable rise in current flow 
if there are sufficient impurity centres. At high temperatures, 
point defects allow net movement of Ions under the influence of 
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electric field end co ionic conduction is seid to occur 
The characteristics of ionic current are large activation energy, 
increase of resistivity with time at constant d.c. voltage (perhaps 
due to the space charge accumulation i.e. polarisation), transport 
of material from one electrode to another, and Targe transit ti^e 
for ions [15]. Under ambient conditions, ionic current is 

negligible and so the current that flows is essentially electronic 
in nature. Three main processes that contribute to the electronic 
current in thin insulating film® are (i) tunneling (ii) Schottky- 
fOiLmmlon and Poole-Frenfcel effect, and (iii) space-charge limited 
effects. 

i.l Tunneling 

Uhen an insulator is placed in the gap between two similar 
metal electrodes the potential barrier is lowered [16} by an amount 
^ where y/ (the distance between the fermi level and vacuum 

level) is known as work function of the metal and 0^ is the 

distance between the bottom of the insulator conduction band and 
the fermi level of the metal electrodes (Fig 1.2a & 1.2b). The 

probability that an electron can penetrate a potential barrier is a 
function of its energy, size and shape of the barrier. On 
applying an electric field, electrons occupying states in one metal 
electrode can tunnel through the insulator into the empty states on 
the other side. This is so because electrons of negatively biased 
electrodes 'see’ a potential barrier smaller In height by amount eV 
in comparison to the other side. Consequently, tunneling results 
with a net electronic current flow from negative to positively 
biased electrode (Fig. 1.2c). The current density is found to depend 
on the barrier shape. Image forces, space charges and traps. 




Slntaons [17] using UKB approxi station for a generalised barrier with 

sinilar electrodes £ound the relation for the current density as 

J = Jo{0 exp(-A0^)-(0+eV)sxp[-A(0+eV)^]} (1) 

e 4irAt(2«)^ 

Uhere Jq = _ , t = t 2 ~t]: , A = — 

2wh(At)^ h 

t^,t 2 are liaits of barrier at the fermi level, 0 is effective 

barrier height, e is electronic charge, h is the Plancks constant, 

and at is electron aass. Equation (1) can be interpreted as current 
- 

density 3 ^ 0 exp (-A 0 ) fro* electrode 1 to electrode 2 and a 

«a» ^ 

current deneity (B + eV) exp [-A C^+eV) ] fro* electrode 2 xo 

electrode 1, resulting in the net current density J. For a 
rectangular barrier, relation (1) leads to the following 
dependences: 

For V » O 


J » constant • V . ....(2) 

The constant involves barrier height and insulator thickness. This 
relation shows ohaic conduction. For 0 <v< 0, J is a non linear 
function of V, such that, 

J = B V exp [- B’ v’*J ....(3) 

Here, B and B’ are constants. 

For very high applied voltages the Fowler - Nordhein equation for 
field esiission results i.e. 


J * C exp 



(4) 


Uhere C and a are constants involving barrier height and insulator 
thickness (Fig. 1.2d). 

The energy band diagraas as shown in Fig 1.2 (a,b,c,d) with 
abrupt changea in potential are physically unrealistic. In fact the 
potential step changes saoothly as a result of the laage forces. 




Thia ariaea due to the «etal aurface heco.in* poaitively charged 
aa an electron eacapea. The poaitive charge, in turn. exerta an 
attractive force on the eacaping electron. The effect of the image 
force ia to change the aiae and ahape of the potential barrier by 
rounding off the cornera (i.e. reducing the height of the barrier 
from 0^ to 0') and alao reducing the thickneaa of the barrier 

(Fig. 1.3). Thus the current denaity relation [equation (3)] takes 
the form 


J = Jo {0' exp (-A0’^)-(0'+ev)exp[-A(0'+ev)^]} ( 5 ) 

The current voltage relationship has the almilar behaviour aa for 
the rectangular barrier case, except, that the barrier height has 
now changed from 0o to 0’ where 

0’ - 0O - o- V - D’ ....(<) 

where o’ and D’ are constants involving insulator thickness 
and 0o is height of the rectangular barrier (Fig. 1.4) Due to 
accumulation of electrons in the conduction band, apace charge ia 
created and potential rises at the centre of the insulator. For 
very thin insulating films and for the maximum potential 
value (00, ) at centre of the insulator greater than kT. the space 
charge effect ia found to be negligible [18]. However, if traps are 
present space charge effects tend to reduce tunnel current 

considerably. In addition, the very presence of traps, delays and 
limits the electrons in crossing the barrier for a finite lifetime 
of the traps [9]. Uhen a trap is occupied, it cannot capture 
electrons and so enhancement of current ia noticed which exhibit 
temperature dependence. 

The tunneling of electrons through insulating films sandwiched 
between metals was first considered by Frenkel [1]. He derived 
approximate results for linear and quadratic voltage terms in the 





1.3 Schematic dia£ram showing current flow between the 
electrodes for a generalised barrier 



>j 


v/ocuum Level 





Fie 1-4 Effect of image force on a symmetric barrier 


va^ltagg-curreet characteristics at absolute sero, taking Into 
account rectangular potential barrier. Tunneling effect in thin 
i^uiators was also studied by Hol@ [3] neglecting the effect of 
iaage forces and using a eyswetric parabola-approxiaation for the 
barrier. A generalised expression for tunneling through a potential 
barrier of arbitrary shape with and without the consideration of 
image forces was given by Siismons [17] as well. This expression in 
conjunction with low voltage characteristics obtained by Holsi show 
that th© parabolic approx iisat ion is good for high barriers i‘ut 
iffiadenuatii for iow barriers. Siasons further observed that mseller 
the value ©f dielectric constant, lower is the tunnel r&eietivity. : 
Later on, Sissoaa [19] extended hie theory to asy»aetric junctions 
and eatifi&ted the intrinsic field present in the« for AI-AI 2 O 3 -AU: 
and Al-Al 203 -Sfi ayatsss. The passage of current through AI-AI 2 O 3 - 
eetal structures was investigated by Pollack and Iforris [20] toi 
show that the trapezoidal energy barrier aodel of Simmona [19] 
adequately accounts for the observed current - voltage 
characteristics . Bandy [21] reported that the asyaaetric junction I 
resistance increases with increase in size of atoalc radius of 
counter electrode aetal till 1.6 A and then levels off. This can be! 
explained on the basis of penetration of the aetal atoas into the 
oxide and reducing thereby the barrier thickness. The observed ! 
electrical asysuaetry in AI-AI 2 O 3 -AI systea is attributed to the | 
difference in surface states at the two interfaces (193. Gundlach 
[ 22 ] used the two band aodel to explain the character iatic features ! 
of tunneling such as aaxiaa in the logarithaic derivative curves, 

I 

aaxiaa in theraal 1-V characteristics and zero bias offset of the ! 
conductance ainiaua. Gundlach and Bolzl [23] have deterained i 
barrier paraaeters using trapezoidal barrier shape for -pimam:. ' 



«nd 


thermally 


oxidised AI-AI 2 O 3 -AI junctions 


and theii 


logarithmic derivative characteristics. The values of barrier 
height obtained by them from the position of logarithmic 
conductivity maxima were in good agreement with those found from 
photoelectric measurements. Kumagai, Inukai and Suzuki [24] 
attributed the discrepancy between theoretical and experimental 
values of tunneling current to the non-uniformity of thickness of 
oxide layer in AI-AI 2 O 3 -AI. They expressed the non-uniformity of 
thickness by a modified Poissons distribution function. Geppert 
£18], Vintle [25], Gupta and Overstraeten [26] have studied the 
role of trap states in the dielectric region on the metal — 
insulator-metal characteristics. Srivastava, Roy Bardhan and 
Bhattacharya £27] have introduced traps by neutron irradiation of 
the AI-AI 2 O 3 -AU Junctions and found enhancement of current, with 
junction resistances decreasing by three orders of magnitude. They 
further pointed out that vacancies might also act as traps. Sarnot 
and Dubey [28] derived the current - voltage characteristics for a 
metal-insulator-metal structure with an arbitary barrier taking 
into account a non-parabolic E-K relation. They found that the non- 
parabolic band structure affects the tunnel current by 2-3 orders 
of magnitude and invariably (except for the temperature dependence 
of tunnel current) provides a better correlation between theory 
and experiment. Giaver and Fisher [29], Giaver and Hegerle [30] 
have found that the linear feature of the tunneling current for 
Al-Al 203 -Pb becomes non-linear in character when one metal is in 
superconducting state. For both metals in the superconductive 
state, even a negative resistance region is obtained. Fisher [29] 
used the current-voltage characteristics to determine energy gap of 
metals for AI-AI 2 O 3 -metal systems. The variation in energy gap 



width with t«*p«rat5jr® agrees closely with the BCS theory. The 
energy g&p can be decreased by increasing the nagnetic field around 
the junction. Blackford and March [31], Douglass and Ifeservy [32] 
obtained the superconducting energy gap for Al-Al 203 -Pb structure 
and noticed the existence of a negative resistance in agreement 
with the BCS theory. Giaver, Hart and Megerle [33] observed 
tunneling into superconductors like lead, tin, indium, aluminium 
below 1* K for Al-Al 203 -metal systems and obtained the values of 
density of states for these metals. 

1.2 Schottky 

Due to the high fields obtainable across thin insulating 
films, the potential barrier is effectively reduced with the result 
that electrons possessing energy greater than this barrier may 
escape into conduction band of the insulator. This is known as 
Schottky emission effect [ Fig. 1.5 ]. Consider an electron a 

distance x from the surface of an uncharged metal. The only force 

2 * 2 

on electron is the classical image force [12,19,34], e /4 it€(^K x 
which is attractive in nature. Therefore the potential energy of 

the electron due to image force becomes 

2 

e 

0im = - 5r- ....(7) 

IdwCoK X 

Where e is electronic charge, is permittivity of free space, 
* 

K is the high frequency dielectric constant. The potential step 

(with respect to the Fermi level) taking into account the image 

potential at a distance x from the interface is given by 

^2 

0(x) = 0o + 0itt = 0o - r- C8) 

16n€jjK X 

Where 0^ is rectangular potential barrier height. The barrier 



0Cx) in presence of image forces is shown by curve AB in Fig. 1.5. 
Schottky assumed that image force holds only for x greater than 
some critical distance x^ [34]. For x <x^, potential energy is a 
linear function of x, Uhen an electrical field exists at metal- 
insulator surface, it interacts with the image force and lowers the 
potential barrier . The line CD represents the potential due to a 
uniform field, which when added to the barrier potential 0Cx) 
produces the potential step shown by dashed line [ Fig . 2 . 5 ] , The net 

potential of the barrier 0(x) therefore becomes 

2 

e 

0(x) = 0^ ^ _ e E X (9) 

16 iiK £qX 


Uhere E is the applied field. 

The effect of image potential is to reduce the area of the 
potential barrier between the electrodes by rounding off the 
corners and reducing the height and width of the barrier. The 
minimum change (A0) in the barrier height (0) can be given by 

. 


A0 = 


i4ifK*€, 


= 


( 10 ) 


/ 


Since the image force lower the barrier height, the current 


does not 


saturate 


in 


accordance 


with 


the 


Richardson 


law 


= AT^ expC-0o/kT) . Instead , it is given by the 


Richardson-Schottky expression [34,19], 
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J = AT exp - 


0o -A0 


,\ 
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kT 


( 11 ) 
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By substituting the value of A0, 


J = AT‘ exp 


0 , 


kT 


exp 



( 12 ) 


4-nme(kT)' 
— 7 ^ 


Uhere A 


is Richardson 


Dushman constant 




xn 


units of amp cn -2 

/ 


Pi 


is 


4trK €ot 


*K-2 

the 


for J in A cn -2 
Schottky conduction 


and 

coef f ici ent 


in (volts) , where t stands for the thickness of the insulator. 
Ue see therefore from equation (12) that Schottky current unlike 
tunnel current is tenperature dependent. The Richardson-Schottky 
effect was first observed by Enptage and Tantraporn [35] in 50 A* 
thick insulator of AI-AI 2 O 3 -AI. Accordingly a linear behaviour was 
found in the In I versus V plot. The barrier height deternined 
froffi the intercept was 0=O.74ev. Similar values of barrier 
height, i.e. 0.73ev and 0.97 were deternined by other workers {7,36] 
providing evidence for. Schottky emission. The low value of barrier 
height obtained in comparison to 1.6-2.34 eV reported [37-39] for 
tunneling was explained by Schmidt et al [40] to be due to the 
migration of oxygen vacancies under the influence ef the field 
resulting in the formation of positive ap&a charge layer in the 
oxide film near the cathode Simmons [19] taking into account the 
effect of image forces on barrier shape studied the emission 
limited current flow between electrodes for symmetric and 
asymmetric junctions. Accordingly thermionic or tunnel current 
predominates depending on barrier height and applied voltage. 
Vodenicharov and Christov [41] have shown that metal-insulator work 
functions determined by thermionic emission gives reliable values 
and can be used as such for explaining the current-voltage 
characteristics of AI-AI 2 O 3 -AI junctions in all possible emission 
conditions viz : thermionic, field and therm onic-field emission. In 
doing so, they found fair agreement between the experimental 
results and the general theory of electron currents through 
dielectrics with a large energy gap. Since the thermal emission 
falls off rapidly with decreasing temperature, field emission can 



only be responsible for conduction at low t enperatures . Pollack 
[42] observed that the electrode United conduction process change 
fron Richardson-Schottky to the f ield-enission in both relatively 
thick and very thin insulators as the sanple was cooled fron room 
tenperature to liquid nitrogen tenperature. 

1.3 Poole-Frenkel effect 


The Poole-Frenkel (field assisted thermal ionization) effect is 
the lowering of a coulonbic potential barrier when it interacts 
with an electric field and is usually associated with traps or 
donor centres in the bulk of an insulator (Fig. 1.6) This is the 
bulk analog of the Schottky effect at an interfacial barrier 
and is applied to the thernal excitation of electrons from traps 
or donor centres into the conduction band of the insulator [12,43] 
The potential energy of an electron in a coulonbic field is 
-e^/4ii€oK X where K is high frequency dielectric constant, is 
the permittivity of free space, x is distance in the insulator. 
This energy is four tines to that resulting fron the inage force 
effects. This leads to lowering of the coulonbic barrier in a 


uniform field such that 


ii€oK t 


. = 3p£V^ 


. . . .(13) 


Uhere 3pf = 2Pg 

Mead [44] has given an expression for the Poole-Frenkel current 


density in thin film insulators containing shallow traps as 


J = Jj, exp 


(14) 


In principle it should therefore be possible to differentiate 
between Poole-Frenkel and Schottky effect from the different 




Pool e-Frenke 1 current over reduceci barrierCcu 
and tunnel inc of electrons throug!i the barrie 



dependence of conduction on field strength. A graph of In I versus 

% 

V results in a straight line with slope or ppf depending on 
the aode of conduction. If one looks at the In I versus and In 
(I/V) versus V Curves in conjunction and voltage range natch for 
straight lines in both, Poole-Fr enkel effect is considered to be 
responsible for the current as 


I a V exp 



(15) 


Uhere 0^ stands for the barrier associated with traps 1 47]. Also 

V 

slopes of straight line regions of In I versus V curve are found 
out and plotted against (insulator thickness) . This results in 
straight line, the slope of which can be used to distinguish 
between the two conduction processes, nanely Schottky-enission and 
Poole-Frenkel effects [44,46,47]. While in case of forner, slope 
value differ as the electrode naterial is altered, they renain 
essentially sane in case of latter i.e. Poole-Frenkel effect [45]. 

and ^p£ can also be deternined theoretically using the 
expression, ^ = e^^^ (stK^f^)^ [43,48-49] and conpared with the 
experinental findings. Antula [50] doped thin insulating filns with 
positive ions (Cd,Cu,Ni) or negative ions (I) and showed that 
schottky enission predoninates for both doped and undoped sanples 
for insulator thickness less than 10 nn and Poole-Frenkel effect 
becones operative for thick filns (say 40 nn). For internediate 
thickness 20 nn doped and undoped sanples exhibit Poole-Frenkel 
and Schottky enission, respectively. In order to explain the Poole- 
Frenkel effect Siausons [43] assumed that the insulator contains 
donor centres, which lie below the ferni level energetically and 
shallow neutral traps. The I-V characteristics therefore takes the 



form 


/ 3pf V ^ 

J = Jo exp 

y 2kT 

This anounts to relation that is valid for Schottky enission also 
as 3pf = 2Pg . Therefore there turns out to be an anomaly in this 
situation where Poole-Frenkel conductivity (which is bulk limited) 
and current due to Schottky emission (said to be electrode limited) 
have the same dependence on applied voltage. 



1.4 Space charge limited (SCL) currents 


If an ohmic contact is made to the insulator, space charge 
is formed in conduction band of the insulation due to the 
electrons injected from the metal . This is capable of 
controlling current flow and this process is termed SCL conduction 
[18]. Mott and Gurney [51] obtained the SCL current voltage 
dependence for a trap free insulator of thickness t having no 
intrinsic carriers as 

J CC ■■' "" ■■■ y ....(17) 


However, low current density than predi 2 ted by this relation 
are observed experimentally. Rose [52] worked out a theory of SCL 
currents in defect insulators. If the insulator contains traps, a 
large fraction of the injected space charge will condense therein 
which means that the free carrier density will be much lower than 
in a perfect insulator, such that 


J 


e V 


2 



....(18) 


Uhere 


0 is ratio of free to trapped charge. Clearly smaller 



the value of 0, more effective will be the traps in imniobilieing 
the injected carriers. Therefore a higher injection level or 
applied bias is required for the current flow. The occupancy of 
traps is a function of tenperature and so the SCL current show 
temperature dependence. Lampert tS3] has pointed out that if 
sufficient charges are injected into the insulator, the traps will 
become filled. Any additional injected charge can then exist as 
free charges in the conduction band contributing totally to the 
current. Beyond trap filled limit (TFL) the I-V characteristics is 
given by Mott-Gurney law [Equation ( 15 )]. Lamport [54] reports that 
for double injection of carriers at very high voltages, J aV with 
both recombination and space charge playing a role in limiting the 
current. Pulfrey and Shousha [55], Geppert [18] derived expressions 
for computing the effects of the space charge on the current 
density of electrons tunneling. Accordingly, space charge is shown 
to severely limit the tunnel current if large traps are present in 
the insulator. Lamperts [53] analysis of a simple model for 
electron space charge limited current in a trap free insulator has 
revealed existence of negative resistance effects and oscillations 
in Current-Voltage characteristics. 

1.5 Forming Process , breakdown and voltage controlled 
negative resistance (VCNR) 

Uith the application of the increasing voltage, it is found 
that at a certain voltage (Vf ) , the metal-insulator-metal (HIM) 
devices undergo a radical and permanent change in their electrical 
properties and the current increases by 3-4 orders of magnitude. 
This process is called forming and Vf is known as the forming 
potential [15]. Vp is found to be independent of the thickness of 



th« dielectric. Fomins process is a distinct and novel hish field 
phenomenon, different from dielectric breakdown discussed 
later . 'Pormins’ process is distinsuished from dielectric breakdown 
(which destroys the insulator) in terms of establishment of a 
negative resistance region in the current-voltage characteristics 
by a non-destructive breakdown of the dielectric/insulator . It 
depends on the fabrication method, electrodes, impurity content, 
prevailing atmosphere, ambient temperature and pressure (56-S9]. 
The studies on SiO^ [60J, AI 2 O 3 [57], Ge 02 £61), V 2 O 3 £62), AIN 
£63} having sandwiched structures have shown forming with 
respective characteristic potentials. The formed Iflll devices 
normally show voltage controlled negative resistance and even 
switching and memory phenomena £15]. The mechanisms which give 
rise to VCNR are processes : (i) in which the Joule heating of the 
conduction electrons causes a change in their number or in their 
mobility (ii) in which special semi-permanent space-charge 
distributions are set up, and (iii) which involve a phase change or 
atomic rearrangement in the insulator [15]. Various models put 
forward to explain forming and VNCE [ dO , 64-67 , 15 ] are summarised 
in Table 1.2 and Table 1.3, respectively. So far, anodically 
prepared and r.f. sputtered AI 2 O 3 HIM structure have been reported 
to exhibit forming and VCNR [56 , 58 , 68-70] , with post VCNR region 
noisy and unstable. Dielectric breakdown occurs both in 
'formed’ and unformed systems. It is characterized by a sudden 
change in current by a few orders of magnitude at a given voltage 
and is accompanied by total disappearance of the insulating 
properties. In unformed samples, breakdown is accomplished 
directly whereas in formed sample it usually occurs beyond the 
VCNR region. Dielectric strength of an insulator is defined as the 



■axinuin volt&e« 


firadi ent 


which it 


can 


withstand before 


failure/deatruction occurs, HIM devices suffer breakdown of sainly 
two types a) single hole and/ or b) aaxinutt d.c. voltage I7i-72J. 
Single hole breakdown arises when conducting channels are created 
at flaws in the dielectric at high electric fields, resulting in 
heavy current. Kaxinun d.c. voltage breakdown occurs due to 
thermal effects produced by enhanced current via flaws or defects. 
According to Gould and Hogarth [73] dielectric breakdown in an 
unformed device normally occurs at much higher potential than . 
Various other breakdown processes observed in dielectrics are 
termed as thermal [71], avalanche [74-75] and intrinsic [76]. In 
thermal breakdown the heat generated by the ionic current is faster 
than the device can dissipate. Since the thermal conductivity of 
the insulator is very low, a channel of molten material or Jagged 
hole is obtained. Sometimes a 'dendrite* structure is formed due to 
discharge of metal ions, bridging the gap between electrodes. 
Breakdown strength is inversely proportional to thickness of 
insulator. In avalanche process [77], dielectric breakdown begins 
with the appearance of a number of electrons in the conduction 
band. These electrons are accelerated rapidly by the high field in 
the dielectric, and attain high kinetic energies. Some of the 
kinetic energy is transferred, by collisions, to valence 
electrons , which are there— by elevated to the conduction band. 
Intially some electrons initiate this process, it multiplies 
itself, and an avalanche of electrons is obtained in the conduction 
band. The current through the dielectric increases rapidly, and the 
dielectric is apt to locally melt, burn or vapourize. The breakdown 
strength increases with the decrease of insulator thickness. 
Intrinsic breakdown [76] occurs when the energy gained by the 



conduction electrons from the field is troncfersd to the bulk 
structure and phonon ealssion takes place. The rate of £ain and 
loss of ener£y by the conduction electrons above a certain critical 
field , results in energy iabalance leading to breakdkown. It 
occurs at rooa or low temperatures and is dependent on thickness of 
the insulator. Shousha, Pulfrey and Young [78] proposed a model for 
breakdown in thin dielectrics. Accordingly, non-destructive 
electron avalanche precedes the thermal runaway process. 
Furthermore, breakdown occurs in a narrow channel of the insulator. 
This may take place even at fields lower than the normally accepted 
dielectric strength provided the initial temperature rise caused by 
the avalanche is sufficiently high. Host theoretical work on 
breakdown has been concerned with mechanism associated with impact 
ionisation, the condition for electron runaway and breakdown 
fields. Ridley [79] suggested a breakdown on the assumption of 
presence of large irregularities at electrode interfaces. Greatly 
enhanced current injections at such irregularities produces high 
temperature filaments in which dissociation of ion pairs takes 
place. The resulting positive ions drift to the cathode, producing 
a positive feedback effect on the current leading to instability 
and current runaway. Budenstein [80] proposed that the breakdown 
mechanism involves the creation of gaseous channel through the 
dielectric. The formation of gaseous channel is ascribed to energy 
supply from the external source and its storage in solid by 
polarisation, collision ionisation, trapping and atomic 
displacement resulting in a change in the local charge balance and 
in broken molecular bonds. Jonscher and Lacoste [83] proposed a 
breakdown mechanism connected with the existence of point 
defects, in the insulator. On the application of a high field. 



charce carriers are assuned to generate additional defects leading 
to the formation of defect clusters . These clusters in turn 
can grow by further defect generation into a highly conducting 
channel connecting the electrodes and producing destructive 
breakdown. The results of anodically grown AI2O3 were found to 
agree well with predictions of avalanche breakdown model [ 821 - 
However de wit et al . [ 83 ] found that breakdown in anodically 
prepared AI2O3 films is better explained by filamentary approach 
reported by Ridley [79] . 

Present work 

In the present thesis , efforts have been made to investigate 
the electronic conduction mechanisms in AI-AI2O3-AI sandwiches and 
understand the phenomena in detail. AI2O3 has been chosen as the 
insulator because it is stable and can be prepared by thermal 
oxidation in a relatively easy manner. Some of the known parameters 
of aluminium and AI2O3 are summarized in Table 1.1 The various 
conduction mechanisms have been analysed and barrier height values 
determined for different thicknesses of the insulator . The ’Forming’ 
process followed by voltage controlled negative resistance and 
dielectric breakdown of AI2O3 have been examined in detail in the 
light of existing reports in the literature. 
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Uork-f unction 

Band ap 
energy 

Di el fectric- 
constant(K) 
high frequency 
CK = n*-) 
low frequency 

Density 

(g CB** ) 

Refractive 
index (n) 

Atomic or 
Kolecular wgt. 

Phase 


I A1 

] 

4.2 eV 


2.7 


26.98 

Crystalline 
f . c . c . 


AI2O3 

5.4 eV 
7 eV 

3.07, 4.5 
8.5 

3.0 - 3.97 

1.76 

101.96 

Amorphous or 
Crystal 1 ine 
(several phases) 
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CHAPTER 2 


EXPERIflEKTAL DETAILS AMD PROCEDURES 


In this chapter, ve discuss the procedures adopted for 
cleanine the £lass substrates, preparation of inetal-insulator- 
aetal sandwiched structures, estimation of oxide thickness through 
capacitance sneasureatents and obtaining I-V characteristics of the 
AI-AI 2 O 3 -AI junctions. 

2.1 SUESTIATE CLEAKIKG 

A thoroughly cleaned substrate is a prerequisite for the 
preparation of films with reproducible properties. The choice of 
cleaning procedure depends on the nature of the substrate, the 
type of the contaminants and the degree of cleanliness required. 
Residues from manufacturing and packaging, lint, fingerprints, oil 
and airborne particulate matter are examples of frequently 
encountered contaminants. The microscope glass slides and 
photographic plates (after the removal of emulsion) were used as 
substrates after cleaning in the following manner [12,85]: 

Glass slides were first cleaned with a soap detergent and then 
dipped in a solution of chromic acid (10 ml aqueous Na 2 Cr 207 in 
200 ml H 2 SO 4 ) at 50*C. Subsequently , they were washed in vapours 
of trichloroethylene, acetone, methanol and distilled water in 
succession. Drying of these glass slides was done afterwards with 
a Philips infra-red lamp. Glass slides thus cleaned were stored in 
a dust free chamber. Just prior to use, the slides were wiped with 
lint free tissue paper. 



2 PREPARATION OF AI-AI 2 O 3 -AI SANDUICHED STRUCTURE 


Firstly, thin filns of aluminium (99.999% purity) vere 

deposited onto the cleaned £las 8 slides. For this purpose a mask as 

shown in fi£ure 2.1a was used. This allowed the aluminium films 

deposition to be in the form of strips 1mm wide. The mass- 

thickness (t) of the evaporated film was monitored by the amount 

2 

of aluminium usin£ the relation M = 2it R /> t , where M (£) is the 

mass in £rams taken for evaporation, /?(£ cm~^) is the density of 

the material and R (cm )is the distance between the source of 

evaporation and the substrate for thickness t(cras). The films 

deposited were 500nm thick. For evaporation, tun£ 8 ten filaments 

-5 

cleaned by resistive heatin£ at 10 torr were used . For wei£hin£ 

the appropriate amount of aluminium, a balance havin£ sensitivity 

of 0.1 m£ was employed. The deposition was carried out in a vacuum 

coatin£ unit constructed in the laboratory based on Hindhivac 

pumpin£ system model 4D65. After attainin£ the workin£ pressure of 
-5 

about 10 torr, a low volta£e hi£h amperafie current was passed 
throu£h the filament for about 15 seconds for evaporation of 
aluminium from the tun£sten filament source. The vapours were 
collected onto the masked £lass slide. Thermal oxidation of the 
aluminium layer upto a certain thickness was subsequently achieved 
by introducinfi it in an electric furnace (equipped with a 
temperature controller Indotherm model 401 havin£ accuracy of 
± 1 *C) at temperatures 50*C, 100*C, or 150*C for a duration of 24 
hours [20,84] in air or oxy£en atmosphere. After the formation of 
oxide layer the £lass slides were returned to the evaporator. The 
upper aluminium electrode 1 mm wide and 200 nffl thick was then 
deposited using a mask (figure 2 . 1 b ) such that a cross-stripped 
structure is formed (figure 2 . 2 a). The thickness of this electrode 









ie intentionally kept high as for lower thickness the current is 
strongly influenced by humidity [ 86 ]. 


2.3 ESTIMATION OF OXIDE THICKNESS 

The oxide thickness (t cms) can in general be determined 
by measuring the charge storage capacity of the AI-AI 2 O 3 -AI 
structure at low frequencies, taking a dielectric constant of 
K - 8.5 [58,87-88] for AI 2 O 3 and using the relation 



where € is permittivity of free space (8 . 85xlO"^^F/cm) and ACcm^) 
is the geometrical area of the junction. This method holds good 
for bulk samples. However, in case of thin film junctions, this 
can lead to serious error in estimating the dielectric thickness 
as the measured capacitance now includes a substantial 
contribution from the interface [89-92 ] .According to Hebard et al 
[92] measured capacitance (Cj^ ) can be considered as series 

combination of the interfacial (C^ ) and geometrical components 
such that 

A A t 

... ( 20 ) 

Cm Ci K€o 

The interfacial contribution has been determined [93] by 

extrapolating the plot of A/Cj, versus Oxide thickness (t), 
measured by optical interferometry , for AI-AI 2 O 3 -AI structures as 
Ci/A = 1.62 C^, is measured at 100 Hz. 

In the present case, thickness of the aluminium oxide is 

estimated by measuring the capacitance of Al-Al 203 ~Al structures 

using a Keithley 4192A LCR impedance bridge at a test voltage of 



20 «V at 100 Hz and taking the value o£ C^/A given above for this 
system. 

2.4 CURRENT-VOLTAGE CHARACTER I ST I CS 

Thin copper wires were attached with silver 
conducting paint at the ends of the cross strips for applying the 
voltage (Vj and V 2 ) and measuring the currents (Ij and 1 2)* 
electrical circuit used for obtaining the current-voltage 
characteristics is shown in figure 2.3a. The current through the 
junction was measured with a Keithley 611 electrometer and the 
voltage across it was monitored by a Keithley 610 nanovoltmeter. 
The power supply employed was knick-pr ecision current /voltage 
source equipped with a voltage control knob. Also a 5KS 
potentiometer was put in series with the power source for the 
stability of the current through the circuit and for allowing 
further control of voltage across the junction. At each , voltage 
value, sufficient time (say 1-2 minutes) was given to obtain steady 
state and only after that current value was recorded. 




Supply (0-30'^) 

(a) 


^KXl 



(b) 


Fig 2 .3 Circuit used for Curr ent ~ Vo 1 1 ag e charact erist ics of 
A1 -Al20'3 -Al structures with ,(a) cross strip arrangenent 
(b) a ■ crosa-s ect i ona 1 view 



CHAPTEE 3 


RESULTS AHD DISCUSSIOK 

3.1 ForK&tion of Oxide layers: 

AluiainlucB is not stable and reacts spontaneously with oxygen 
when exposed to air or oxygen even under aotbient conditions to form 
the thenaodynaaically favoured oxide [84,93]. The driving force 
for the reaction is the Gibbs energy change associated with the 
forsiaTion of oxide froa the reactants. Horeover, once the oxide 
layer has developed on the surface, further reaction occo,rs only if 
one (or both) of these species is able to penetrate the 
barrier , forsied by the oxide at either the oxide-*«tal or oxide- 
oxygen interface. Hence, the rate of oxidation does not depend on 
the theriEodynaHics of the reaction but on the kinetics of the 
systea. The rate deternining step »ay be one of several stages 
including transport of netal or oxygen atoms through the oxide, 
mass or electron transport across one of the interfaces or 
electron-transport process associated with chemisorption [ 93 ]. 
Aluminium oxide is reasonably stoichiometric having chemical 
composition AI 2 O 3 with low defect concentrations, and can give 
effective protection to aluminium in environments of high oxygen 
activity. As an oxide layer grows, the system may be subjected to 
stresses causing crack or spall of oxide which, in turn, exposes 
the metal directly to the environment and increased oxidation 
occurs. The stresses may be internal, generated by the oxide growth 
process itself; thermal , arising due to differential thermal 
expansion or contraction effects between the oxide layer and metal , 
and external, caused by the applied load etc. Generally specific 
volume of the oxide is not the same as that of the metal from which 



it is forned. Pi 1 1 ing-Bedworth ratio ( 0 ) is defined as 

molecular volume of oxide ^^^o^^m 

0 = = 

atomic volume of metal n aCHg|)<lo 

Uhere M,g is the atomic weight of the metal atom, Kq the molecular 

* 

weight of the oxide, n ^ the number of metal atoms per molecule of 
oxide and d^^ and d^ are the densities of metal and oxide, 
respectively. This ratio 0 distinguishes oxide layers with regard 
to their protective abilities. If 0 is smaller than unity (eg- 
lg,Ba etc) the oxide layer fails to cover the entire metal surface 
and forms die continuous or non-prot active coating through which 
oxygen can readily pass. Thus the rate of reaction is not reduced 
fey growth of the oxide layer. The mass of oxide formed per unit 
surface area at con tant temperature is directly proportional to 
the time of heating. On the other hand, if 0 is greater than 
unity, the oxide occupies larger volume than the metal and so the 
oxide will, in this case, be protective . For oxidation of aluminium, 
the value of 0 lies between 1.287 and 1.7 depending upon the type 
of AI 2 O 3 . Consequently, the oxidation of aluminium proceeds slowly 
and stops eventually. Pilling-Bedworth ratio (0) also gives 
estimate of the magnitude and nature of stresses generated during 
oxidation. Since 0 is greater than unity, oxide layer is subjected 
to lateral compression. Three factors generally considered are 
:(i) magnitude of the lateral stresses due to compressions within 
the oxide layer, (ii) the cohesion of oxide particles and (iii) 
adhesion of the layer to the metal surface. Uith the volume ratio 
( 0 ) slightly above unity one would not expect much trouble from 
stresses In the surface layer. However , with greater volume ratio, 
mechanical deformation of layers may result, e.g. blistering occurs 
where adhesion is weak and cohesion is strong and shear - cracking 



where adhesion is stronfi and cohesion is weak. The effect of 

lateral compressive stress is not significant as 0 (1.287-1.7) is 

slightly above unity. Sometiaes blistering results though, 

indicating that adhesion is weak and cohesion is strong. Aluminium 

oxide layer foraed by thermal oxidation is amorphous in nature and 

quite stable upto about 500* C and transforms to crystalline ^ - 

AI 2 O 3 above this temperature as revealed by electron diffraction 

studies. The temperatures used for the oxidation in the present 

work were 50 , 100 , and 150*C, which are well below the transition 

temperature to ensure stable amorphous AI 2 O 3 films. The thickness 

of AI 2 O 3 depends upon factors such as temperature, time and 

humidity. The time for oxidation in each case was kept constant 

(i.e. 24 hours) and humidity in room remained practically the same 

during the oxidation cycle. The thickness of the oxide layer is 

therefore expected to vary mainly due to increase in the 

temperature . The thickness in each case was estimated by measuring 

the capacitance of the samples using the impedance bridge HP 4192 

at 100 Hz. The details of the measurement are given in section 2.3. 

Table 3.1 lists the capacitance values for various oxidation 

conditions. The measured capacitance is a series combination of two 

components, inter facial & bulk. Only the bulk part of the 

capacitance depends on the oxide thickness. Therefore the 

interfacial contribution was to be separated from the measured 

values of capacitance for the estimation of oxide thickness. 

According to Hebard at al [92] interfacial capacitance is 1.62 

2 

pF/cm for AI-AI 2 O 3 -AI system with oxide thickness (< 36nm )and is 
independent of applied voltage. The thickness of oxide layers 
determined using Equation (20) are given in Table 3.1 alongwith 
thickness values estimated by neglecting interfacial effects. It 



TABLE 3.1 


s s f r Ofii, the 
AI2O3 - A 1 
of -10 cm 

and taking dielectric constant (K) 8.5 and 

‘ - 1 4 

permittivity of free space(€c>) 8.85 10 F/cm 


Estimated 

values of 

oxide 

t h i ckne 

ffieasured 

capacitance 

CC,„) 

for A1 - 

eyetem 

having junction 

area (A) 


Sample 

Temperature of 
oxide formation 
®C 

Measured 

capacitance 
per unit area 

Cfi F/cm=^) 

Thickness 
t (nm) 

t, 


1 

50 

0.888 , 

3.8 

8.5 

2 

100 

0.829 

4.4 

9.1 

3 

100 

0.790 

4.9 

9.5 

4 

150 

0.7 25 

1 

5.7 

10.4 


t| ~ taking interfacial capacitance per unit area 
(Cj /A) 1.62 /^F/cm 

t^, taking total measured capacitance due to bulk of 
AI 2 O 3 itself i.e. assuming no contribution from 
interfacial effects 










is clear from this data that thickness of oxide layer increases 
with the oxidation temperature. Though oxidation can occur even at 
room temperature, it is allowed to take place at 50 *, 100* and 
150 *C in the present study for sake of ensuring uniformity and 
stress release in the growing oxide films. Initial experiments 
using larger junction areas failed to provide acceptable AI-AI2O3- 
A 1 sandwiches presumably due to the presence of pinholes in oxide 
films , junction shorting etc. Therefore various junction areas were 
tried out and finally 0.1 cm x 0.1 cm size was adopted for the 
study. 

3.2 Current-Voltage characteristics of Al-Al20‘3~Al Junction 

The general behaviour of various AI-AI2O3-AI junctions is 
that the current-voltage characteristics exhibit non-linearity, as 
depicted schematically in Fig. 3 . 1 . The curve can be divided into 
three distinct categories showing (a) marginal increase in current, 
(b) sharp increase in current by a few orders of magnitude, and (c) 
anamalous behaviour in the form of a negative resistance followed 
by fluctuations (or noise) in the current with respect to the 
applied voltage. Fig 3.2 (a-d) shows the I-V characteristics of 
four AI-AI2O3-AI junctions in region (a) only. Since the thickness 
of AI2O3 layer is less than 10 n» in all the cases, applied bias of 
even a few volts across the junction induces electric field of the 
order of 10 ^ V/cm. At such a high field there are five principal 
d.c. electronic conduction modes [ 45 ]: (ajOhstic, (b)Space charge 
limited, (c)Tunnel ing , (d)Schottky emission, and (e)Poole-Frenkel 
of feet. A single conduction process may not always be responsible 
for the entire I-V characteristics. However, analysing the 
experimental data carefully, it is poss ble to indentify the range 
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a certain 


linearity in current involv«« wah-- 

involves voltages starting from 

value and upto about 3 volts 4 - 

voixs . The plots in early regions 

. 4 rk.d (I) ahou linearity indicatin* ohnic behaviour of 
Junctiona.One way to underatand the underlying conduction proceaa 
is to examine the power dependence of voltage on current [27J i.e. 
^ ' where exponent n stand for the power dependence and A 

represents the proportionality constant involving insulator 
thickness. Taking logarithms one gets 
log I = log A + nlog V 

Thus log I versus log V plot should be a straight line with a slope 
giving the power dependence, However, if n takes a different value 
in certain voltage range, another straight line should appear with 
a new slope. The transition from one power dependence to another 


may be sharp or gradual with respect to the voltage. This means 
that it either occurs at a given potential or spreads over a 
voltage range. Fig. 3.3 (a-d) depicts log I versus log V plot 
obtained from the data in Fig. 3. 2 (a-d). These plots show straight 
lines or non-linearity in various regions. The slopes of straight 
lines in same regions of different samples are given in Table 3.2. 
It is advisable however to examine these results in conjunction 
with other plots viz. In I versus V shown in Fig. 3.4 (a-d). The 
various regions have been marked clearly as (I), (II)» (III) 

Since such a plot is more sensitive to changes in the slope, 
regions are first marked here and ranges noted for illustrating the 
corresponding regions on I-V and logl-logV plots given in Fig. 3. 2 
(a-d) and Fig. 3.3 (a-d), respectively. The voltage range of 
various regions are summarized in Table 3.3. Note that, except 
for the thlnneet oxide layer saaple (3.8 r.«) the voltage at which 








TABLE 3*2 : Slopes of straight lines in different regions of 
Logl-LogV plot of A 1 “Al 203-" A1 juntion 







TABLE 3.3 : Voltace rancee correspond i nc to recions X .Hand 

TTT > ( Fifi. 3.2) of the I - V characteristics of 

Al“Al 203 “Al junctions 


Thickness 

I 

E 

El 

(nm) 

Voltage 

Voltage 

Voltage 

t, 


range (V) 

range (V) 

rang e ( V ) 

3.8 

6.5 

^ 1.2 3 

1.23-2.4 

>/ 2.4 

4 . 4 

9.1 

^ 1.08 

1.08-1.82 

>1.82 

4 . 9 

9.5 

^ 1.44 

1.44-2.1 

>2.1 

5.7 

10.4 

$ 1.98 

1.98-2.25 

>2-25 




! 

J 


t| - taking interfacial capacitance* per unit area (C^/A) 

1 . 62 /iF/cin^ 

t^, - takinc total measured capacitance due to bulk of 
AI 2 O 3 itself i.e. assuminfi no contribution from 


interfacial effects 










traaeition occurs froia region I to II and from II to III increases 
with the A 1203 thickness. Fig. 3.5 (a-d) and Fig. 3. 6 (a-d) show 

log(I/V) versus and log(l/V^) versus 1/V plots , respectively. 

The plots in Fi£iirss 3.2 to 3,6 have been exaiained in detail to 

dattriaine the conduction siechaniaiia in the various regions . The 

characteristics of various conduction nechanisiis as reported in 

literature are stmaarized in Table 3.4. These results suggest that 

the I “"V characteristics of thin fil®s cannot be explained on 

the basis of a particular nechanisa [20,34^,393 . These samples 

exhibit ohaic behaviour at low voltages end perhaps achott'ky 

eiiission and/or Poole-Frenkel effect becosie inportant when the 

voltage is increased. This is indicated hj the linearity in the 
% 

Inl ~ V plots [35,41,45,46]. Analysis of these plots using 

equations C10)&(11), yields reduced values for the barrier height 

as compared to the theoretically estimated values (Table 3.5), 

possibly due to the interaction of image force with the applied 

field [4i]. The barrier height increases with increase in the 

oxide thickness. This observation is in agreement with the results 

of Vodenicharov and Christov [41] and indicates the presence of 

Schottky mechanism. A log (I/V) - plot for different samples 

is found to be non“linear indicating the absence of Poole-Frenkel 

effect in region II [45,46]. Instead, a horizontal line is 

invariably found, implying thereby ohmic behaviour of the junction 

% 

[45]. The slopes of straight lines in the in I - V plots are 
used to determine the conduction coefficient O 0 ) for Schottky 
emission. Table (3.5) lists the values of 3s along with the 
corresponding values estimated theoretically [35] from the 
relation, = (e^/4u €cK*t)’‘. HereK* is the high frequency 

and the other symbols have their usual 


dielectric constant. 




Lofi(I/V)-v''^5lots of Al-AliOj-Al structure 
thickness (a) 3.8ntn (b) 4 . 4nir, (c) 4 . 9nir. C 
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Ln ( I / V ) - 1 / V plots of AI-AI 2 O 3 -AI s 
insulator thickness (a) 3.8 nm (b) 4 . 4nin (c 
(d) 5.7 nir. 


t r yet 
) 4.9 






TABLE 3.4 » CHARACTERISTICS OF VARIOUS CONDUCTION MODES FOR THIN 

INSULATING FILM 


Conduction 

Plot 

Nature 

' ' ' 

Remarks 

Ohmi c 

I V* V 

Linear 

■Ofiffis 'Law 

Space-Charge 

Limited 

I vs V 

Non-Linear 


Childs LawCSTD 


logi vs logV 

Linear with slope 
Linear with slope 

E 

3 

Cube LawCS'J-D 

Tunnel ing 

log(l/V2) 

vs 

1 / V 

Straight line 
with negative slope 

F-cwler Nc-rdhiem 
equation Efe-2-73 


logI vs T V 

Straight line 


Fowler Nordhierri 
equation plotted 
this way Chfe 3 

Schottky 

Emission 

logI vs / V 

Straight line 
with positive slope 

Schottky 

Equation C 3 


logd/ve) 
i vs' 

I 1 / V 

Curv j with a 

definite minimum 


Modified Schottky 
equation 

Poole Frenkel 
Effect 

logi, vs T V 

logd/V) 

vs 

X V 

Straight line 

Straight line 

Hor i zontal 

Schottky Equation 
with 3 

Poole Frenkel 
Current 

expression C4S^3 


Ohms Law ; I of V 

Childs Law: I « V^/t® t •* insulator thickness 
Cube Law: I a V* 

Fowler Nordhiem equation: I ■= A V* exp ( -AW) 

(Normal form ) ArA* are constants 

Schottky equation : I = B exp ( B' T V ) 

Normal form B,B' are constants 


Modified form 


In (I/V? ) »= 
B’ • 


B'* TV+E In (1 /V ) 
is a constant 










TA&E 3,5 I Different Ptranelert Deteriined for Structure in fiefin I ewd its Sulrreiiws 

I* and ly (Fig. 3.4 ) 























ptaninftji. Th« txptriwental valuta of ara about tan tiMas lovar 
than the theoretically eetinated values. Also, does not show 
any particular trend with the thickness. In the present case since 
Schottky enisaiofi'ls operating in conjunction with ohMic current » 
discrepancies «entioned above are natural. Hill [49| has observed 
that is about three tines smaller than the theoretically 
estiaated values for AI2O3 films . This disparity might have been 
caused by errors in thickness *e&sureisents 8.nd in the value of 
high frequency dielectric constant for Ai 203 . In this voltage 
range the plots can be further subdivided into two regions lx and 
ly. This is done first for the log I- log V plot® and then for 
the other plots. Log I-log V plots give slopes in region Ix 
and n>l in region ly. These values auggest ohaic behaviour of the 
junction in region Ix and non-oh*iic in region ly. Assusiing 
Schottky esiission to be the doeinant nechanisn in region ly 
values of P® deterained free the slope (along BC Fig. 3.4) are 
given in Table 3.5. These values are now only 2 to 7 tiaes saaller 
than the theoretically estieated values and thus Schottky eaission 
is considered to be applicable in the entire region I. It is 
therefore believed that current is ohaic in the voltage range near 
the origin. At soae voltage Schottky eaission starts dominating 
the conduction process. Further. Infl/V^) - I/V plots exhibit a 
definite ainiaua providing evidence for the existence of Schottky 
emission [94-95]- When region III was analysed, as per Table 3.4, 
tests for Schottky and Poole - Frenkel alongwith tunneling were 
positive. Further the plot could not be divided into two sub- 
regions of different aechanisas as was possible in region I. 
Needless to mention that this is the criterion cited in the 

literature for their exietence [43.47). The p values calculated 



nteaninen . 


Th« experinental values of 3 g are about ten tiises lower 

than the theoretically eatiaated values. Also, Pg does not show 

any particular trend with the thickness. In the present case since 

Schottky emission is operating in conjunction with ohmic current, 

discrepancies mentioned above are natural. Hill [49] has observed 

that pg is about three times smaller than the theoretically 

estimated values for AI 2 O 3 films . This disparity might have been 

caused by errors in thickness measurements and in the value of 

high frequency dielectric constant for AI 2 O 3 . In this volr&ge 

range the plots can be further subdivided into two regions Ix and 

ly. This is done first for the log I- log V plots and then for 

the other plots. Log I-log ¥ plots give slopes nSl in region Ix 

and n>l in region ly. These values suggest ohmic behaviour of the 

junction in region lx and non-ohmic in region ly. Assuming 

Schottky emission to be the dominant mechanise in region ly 

values of P^ determined from the slope (along BC Fig. 3.4) are 

given in Table 3.5. These values are now only 2 to 7 times smaller 

than the theoretically estimated values and thus Schottky emission 

is considered to be applicable in the entire region I. It is 

therefore believed that current is ohmic in the voltage range near 

the origin. At some voltage Schottky emission starts dominating 

2 

the conduction process. Further, ln(I/V ) - I/V plots exhibit a 
definite minimum providing evidence for the existence of Schottky 
emission [94-95]. Uhen region III was analysed, as per Table 3.4, 
tests for Schottky and Poole - Frenkel alongwith tunneling were 
positive. Further the plot could not be divided into two sub- 
regions of different mechanisms as was possible in region I. 
Needless to mention that this is the criterion cited in the 
literature for their existence [43,47]. The P values calculated 



for Schottky entieelon *nd Poole-Prenkel effect are inconsistent 

with the theoretical values (see Table 3.6). The criteria used in 

the literature for the existence of Schottky enission and/or Poole- 

Frenkel effect as the conduction saechanisa are the following : (i) 

agreeaent between theoretical deterained values of P values froa 

Inl VB V plots and (ii) lowering in barrier height due to i*age 

force. There is considerable difference between P ifaliies obtained 

in region III of the In I - V plots and the theoretical values for 

various AI-AI 2 O 3 -AI structures. However, the experiaentally 

deterained barrier heights are significantly lower than the 

theoretical values (Table 3.6) -A plot of AI 2 O 3 thickness as a 

function of voltage for a given current exhibits nonlinearity 

(Fig. 3. 7) implying that the electrodes are rate limiting in the 

conduction process and there exists space-charge limited current as 

well [45]. The slopes of logl-logV plot in this region III were 

found to be greater than 2 providing evidence for the presence of 

voltage sensitive traps in AI 2 O 3 ( which is presumably in amorphous 

state) [18,41]. These traps once filled completely due to electron 

injection from the cathode will not limit the current further. 

Tests for tunneling turn out to be positive in region III as slope 
2 

of ln(I/V ) - I/V plots is negative [Fig 3.6]. In summary , we can 
say that traps are present in the amorphous AI 2 O 3 layer and the 
conduction is mainly due to thermal field emission. In this process, 
an electron in the potential well of the trap is partly excited and 
then tunnels through the reduced barrier. Region II appears to be a 
transition zone in which conduction is governed by the mixture of 
all the mechanisms operating in region 1 & region III. The extent 
to which each mechanism contributes varies with the oxide thickness 


and nature of the individual sample. 



ABLE 3.6 : The values of conduction coefficients (Bg & 3pf) 
deteraiined in region III of an A 1 - AI 2 O 3 - A1 
structure with insulator thickness (a) 3 . 8 nm 
(b) 4.4 nm (c) 4.9 nm (d) 5.7 nn 


















nd.ntlfyins the conduction mecheniem in thin AI 2 O 3 fil„. on the 
>aaia of aechaniama reported in the literature lead to 
nconalatent reaulta. i.e. Uhlle one teat predicta the occurence of 
I particular mechanism, the other negates it . This indicates that 
:here are no unique testa available for analysing different 
nechanisms. Therefore, all possible tests are performed with the 
lata in the present investigation. Only those mechanisms which 
jrovided large number of positive tests are taken as the dominant 
jrocess. The situation however becomes complex wh^n various 
srocesses are simultaneously present. It then becomes difficult to 
letermine the contribution of each mechanism. The experimental 
results presented above also indicate that in the lower voltage 
range the current is ohmic, Schottky emission and thermal field 
emission (modified Pool e-Frenkel ) types at the same time. 

The I-V characteristics in region (a) are found to be 
reproducible even after a lapse of 24 hours (Fig. 3. 8 ]. This 
suggests that at low voltage no effective change in the properties 
of the dielectric layer takes place. 

AI-AI 2 O 3 -AI junctions having insulating layer thickness 
between 3.8 and 4 . 4 nm show a monotonic rise in current with 
voltage in (b) region of the I-V characteristics (Fig. 3. 9 a,b). 
These observations are different from those prevailing in samples 
with thicker dielectric layers (discussed later )because no decrease 
in current or appearance of negative resistance region is seen. 
The continous rise in current can be explained on the basis of 
avalanche breakdown mechanisms & emergence of discontinuities in 
AI 2 O 3 . The conducting electrons, accelerated due to applied 
electric field create more electrons on collision. This 
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irr*v®r 0 ibl. procesa Uade to loss of aluminiu* - AI 2 O 3 contact. 
This has bscoms svidsnt fro® the fact that no current is observed 
throufih the AI2O3 fill, after a lapse of 24 hours. For AI2O3 filsis 
of thicknesses 4.9 and 5.7 nn in the second refiion(b), the current 
first increases upto a certain voltage after which it gives rise to 
a differential negative resistance region (Fig. 3. 9 c and d). This 
increase in current in region (b) is attributed to the 'Foraing' 
process. In AI-AI2O3-AI systeas, foraing process and negative 
resistance have been reported for anodic and r.f. sputtered AI 2 O 3 
filas only [45,56,57]. The presence of these effects in theraally 
grown aluaina as well suggests that the nature of AI 2 O 3 layer is 
quite siailar and the phenoaena is basically the property of AI 2 O 3 
itself. The foraing process leads to a radical and essential 
peraanent change in the electrical properties of the insulating 
fila. The voltage at which naxiaua current is observed in the 
foraing region is called the ’Foraing’ potential Vp. This 
paraaeter is found to be nearly the saae for the two oxide 
thicknesses 4.9 na & 5.7 na , implying that ’Foraing’ is a voltage 

I 

coffitroH^d proems®. Various siodels have been put forward to 
eacplaio the occureoce of foraing and the observed VCNR effect. But 
the appearance of negative resistance reaion and fluctuations in 
current with voltage can be better explained by filamentary model 

as proposed by Dearnaley et al [15]. According to this model there 
exists high electric field at the irregularities, present near the 
cathode surface. This leads to micro-structural changes and the 
emergence of conducting filaments. The electric field at the tip 
of the filament is unusually high and so it helps in the growth of 
the conducting filaments and in joining them. Thus a conducting 
link is established eventually, between the electrodes. Also. 



of AI2O3 thickness 


•ince the fortting potential ie independent 
filament® are supposedly initiated in well-localised regions 
fl 5 , 45 , 96 ). Wherever the field takes a high value these localised 
channel allow electrical conduction , leaving rest of the volume 
intact a® dielectric. As a consequence, numerous narrow regions of 
high conductivity emerge in the formed insulating film. However 
the filaments are not uniform and have weak spots that determine 
their reeistanc®. These are subjected to Joule heatina,. Associating 
a local t: sfffiperstuf e (T) with each filament, rupture laay occur if T 
exceed® some aaximuis temperature Also, electrrcns suffer 

phonon scattering particularly at weak and hot spots; of the 
fii«atnt . Both these account for the decrease in current with 
incrt'iikf « in voltage, i.e. appearance o£ ne^-stive r*!;;'£f.tanc6. Else 
in current with applied voltage after reaching a miniauas (fig. 3. 9 
c,d) is obaerved. again as the new filament channels emerge in due 
course in «om® other parts of the AI2O3. This processes may go on 
for a number of cycles. In fact, for AI2O3 of thickness 5.7 n«, 

another negative resistance region is observed and can be 
attributed to the process of rupturing of secondary filaments. The 
observations of fluctuations are also providing evidence for 
initiation of the dieltectric breakdown process [ 55 ]. Eventually 
the entire AI2O3 film loses its insulating properties. There is a 
possibility of loss of contact of the electrode with AI2O3 at the 
interface. This amounts to the failure of the AI-AI2O3-AI 

device/ junction. To check this, the current-voltage 

characteristics, of samples exhibiting forming, negative resistance 
a M fluctuations in current has been observed after 24 hours. No 
current is observed to flow through the junction showing that 
dielectric breakdown of AI2O3 filn has occured with or without loss 



of •l*ctro<J«-Al 203 contact. 


3.3 A*y»»«tric natur* of barriar 

Al“Al 203 ~Al d«vlc«s have the aane electrodes on both sides of 
the dielectric. Hence the barriers at the two interfaces is 
expected to be syasietric in nature. However, junctions prepared by 
thermal oxidation of aluminium and subsequent deposition of cross 
aluoiniun electrode are known to yield asymmetric barriers. So, 

values of barrier heights differ on both the interfaces. The 

reported values vary widely and lies between 0.7 e¥- i.SeV 
[d, 23, 28, 36] . nevertheless, the barrier height is invariably found 
to be sraaller for the bottom electrode (on which alaainii.a oxide is 
grown) in comparison to the top one. In order to check the 
asymmetry nature of the barrier, current-voltage characteristics 
have been recorded by making base electrode negative in one case 
while positive in the other. Fig 3.10 shows the I-V 

charact erist ics in both the situations for a 3.6 nn thick AI 2 O 3 
film. It is seen that in the entire voltage range the current is 
higher when the base is negative than when it is positive. Also, 
the experimentally determined values of barrier height are 0.67 eV 
and 0.7 ev for bottom and top electrode respectively. This 

difference is explained by aseumlne the graded type barrier at the 
interface between the bottom electrode and oxide. This graded type 
barrier is supposed to be caused by migration of aluminium ions 
into the oxide during oxidation process ( 20 J .However, the barrier 
is abrupt at the Interface between top aluminium layer and the 
oxide as the deposition of top electrode is made after the oxide 
formation. In fact the graded junction can be semiconducting even 
having an n-type transition zone (Fig. 3. 11) (193. We see from 
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with base nsfiative (assuninfi conduction due to 
electrons drifting in a direction opposite to thr electric field), 
the electrons will flow downhill* the barrier giving current 
but with base positive the electrons have got to ’clisib’ up the 
barrier and so will encounter resistance. This naF In the process 
lead to scattering and collision of electrons which ispedes the 
flow, resulting in currrent J2> saaller than Jj. 



CHAPTER 4 


CONCLUSIONS 


a) Al~Al203-Al devices/ Junctiona have been fabricated by theraal 

oxidation of aluniniun with dielectric thickness raneing fron 
4-6 n*. In the low voltage range (< 3 V) their I - V 

characteristics exhibit three distinct regions. In the first 
region near the origin, the current is very low and saaples 
show nearly ohnic behaviour because of the high resistance of 
the dielectric. The second ffiechaniem in this region is Schottky 
eiilsslon. The third region ( 1 . 5 V - 3 V) involves ther®al-f ield 
emission alongwith the space charge limited current. The 

second region corresponds to a transition sone where all the 
above conduction mechanisms operate simultaneously with unknown 
degree of dominance. 

b) The barrier height corresponding to Schottky emission regime 
increases with oxide thickness. However, the experimental 
values are smaller than the theoretically estimated values. 
This is presumably due to reduction of barrier Itself following 
the interaction of image forces with the applied electric 
field. 

a) The existence of 'Forming' process involving perceptible change 
in dielectric properties followed by voltage controlled 
negative resistance (VCNR) has been observed for the first time 
in Junctions with thermally grown AI2O3 layers of thickness in 
excess of 5nm. 'Forming' potential for AI-AI2O3-AI is about lOV 
is Independent of dielectric thickness. Forming and VCNR 


and 



c»n b* understood by the formation of channels of conductine 
filawenta in AI2O3 and their rupture due to joule heating, 
respectively. The dielectric breakdown of AI2O3 occurs beyond 
the VCNR regiae. 

b) A 1 “A 1 2O3-AI Junctions with thinner oxide layers (<5nn) show 
contlnous rise In current without any 'Foraing' or VCNR region. 
The steep rise in current is responsible for its eventual 
failure. 

c) The eaergence of discontinuties , possible loss of electrode- 
oxide contact and/or total destruction of the oxide layer 
appears to be responsible for the dielectric breakdown of the 
Al-Al203“Al junctions. 

a) The electrode-oxide interface exhibits asyaaetry in the sense 
that current through the junction is aore when the base 
electrode (on which alualniua oxide is theraally grown) is 
negative than when it la positive. This indicates the 
asyaaetric nature of potential barrier between the aetal and 
AI2O3. 

b) The barrier at the base electrode - oxide interface appears to 
be graded type and is foraed due to aigration of alualniua ions 
into the oxide. However, the barrier at the interface between 
the top aetal and the oxide appears to be aore or less abrupt 


in nature. 
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